In this paper we use the current and future cosmic microwave background (CMB) experiments to test the Charge-Parity-Time Reversal (CPT) symmetry. We consider a CPT-violating interaction in the photon sector L cs ∼ p µ A νF µν which gives rise to a rotation of the polarization vectors of the propagating CMB photons. By combining current CMB polarization measurements, the nine-year WMAP, BOOMERanG 2003 and BICEP1 observations, we obtain a constraint on the isotropic rotation angleᾱ = −2.12±1.14 (1σ), indicating an about 2σ significance of the CPT violation. Here, we particularly take the systematic errors of CMB measurements into account. Then, we study the effects of the anisotropies of the rotation angle [∆α(n)] on the CMB polarization power spectra in detail. Due to the small effects, the current CMB polarization data can not constrain the related parameters very well. We obtain the 95% C.L. upper limit of the variance of the anisotropies of the rotation angle C α (0) < 0.035 from all the CMB datasets. More interestingly, including the anisotropies of rotation angle could lower the best fit value of r and relax the tension on the constraints of r between BICEP2 and Planck. Finally, we investigate the capabilities of future Planck polarization measurements onᾱ and ∆α(n). Benefited from the high precision of Planck data, the constraints of the rotation angle can be significantly improved.
INTRODUCTION
In the standard model of particle physics and some of its extensions, the Charge-Parity-Time Reversal (CPT) symmetry has a fundamental status. Probing its violation is an important way to search for the new physics beyond the standard model. Up to now, CPT symmetry has passed a number of high-precision experimental tests and no definite signal of its violation has been observed in the laboratory. So, the present CPT violating effects, if exist, should be very small to be amenable to the laboratory experimental limits.
However, the CPT symmetry could be dynamically violated in the expanding universe. This has many interesting applications. For instances, in the literatures (Li et al. 2002; Li & Zhang 2003; Li et al. 2004; Feng et al. 2005; Li et al. 2005; Davoudiasl et al. 2005) , the cosmological CPT violation has been used to generate the matter-antimatter asymmetry in the early universe based on the mechanism proposed in Cohen & Kaplan (1988) . The salient feature of these models is that the CPT violating effects at present are too small to be detected by the laboratory experiments, but large enough in the early universe to account for matter-antimatter asymmetry. More importantly, these types of CPT violating effects could be accumulated to be observable for the cosmological probes (Feng et al. 2005; Li et al. 2005; Feng et al. 2006) . With the accumulation of high-quality observational data, especially those from the cosmic microwave background (CMB) experiments, cosmological observation becomes a powerful way to test the CPT symmetry.
Simply the cosmological CPT violation in the photon sector can be modeled by the coupling between photons and an external field p µ through the Chern-Simons (CS) term L CS ∼ p µ A νF µν . HereF µν = (1/2)ǫ µνρσ F ρσ is the dual of the electromagnetic tensor. This coupling is gauge invariant if ∂ ν p µ = ∂ µ p ν . This is possible if p µ is a constant field over the spacetime or arises from the derivative of a cosmic scalar field φ. The scalar field φ is identified as the dark energy in the quintessential baryo-/leptogenesis (Li et al. 2002; Li & Zhang 2003) and as the Ricci scalar R in the gravitational baryo-/leptogenesis (Li et al. 2004; Davoudiasl et al. 2005) . The CS term violates the Lorentz and CPT symmetries spontaneously at the background in which p µ is nonzero. One of its physical consequences is that the polarization vector of the photon is no longer transported parallel along the light ray:
Here, Q and U are Stokes parameters describing the linear polarizations of the radiation field. They are not conserved due to the CS term. The vector k µ is the four-vector of the photon. The rotation of the polarization direction of electromagnetic waves propagating over large distances
The rotation angle is the integral of p µ along the photon's trajectory from the source of light (s) to the observing point (o) 
The related phenomena called "cosmological birefringence" has the effect of changing the polarization of the radiation from radio galaxies and quasars (Carroll et al. 1990; Carroll 1998) . For CMB, it has the effect to covert part of E-modes polarization to B-modes polarization, and especially it has the possibility to produce TB and EB correlations even though these are absent before recombination in the traditional CMB theory. In the case of isotropic rotation angle, denoted asᾱ, the full set of the rotated CMB spectra (denoted by primes)
were first obtained in Feng et al. (2006) 
while the CMB temperature power spectrum remains unchanged. These formulae combined with CMB data can be used to detect or constrain the rotation angle, i.e., the signal of CPT violation. For instance one may detectᾱ by searching for the distinctive TB correlation (Lue et al. 1999) . But as was first pointed out in Feng et al. (2005) that in the CMB polarization experiments the EB spectrum will be the most sensitive for probing the signal of CPT violation. Another important feature of this model is that it provides a new mechanism to produce the CMB B-modes polarization, alternative to the primordial gravitational waves and weak lensing. This can be seen from the last equation of Eqs.
(4), even the primordial B-modes is absent, sizable CMB BB power spectrum can be obtained from the EE power spectrum through the rotation. Based on Eqs. (4) the first evidence on the rotation angle in terms of the full CMB datasets was done in Feng et al. (2006) and stimulated many interests in this field (see Li et al. (2005) Zhao & Li (2013) , and references within). These studies showed that current CMB experiments have the possibility to detect the rotation angle at the level of O(1 • ), provide a powerful method to test the fundamental Lorentz and CPT symmetries.
Recently, the Background Imaging of Cosmic Extragalactic Polarization (BICEP1) (Kaufman et al. 2013 ) collaboration has released their high precision three-year data of the CMB temperature and polarization including the TB and EB power spectra. Another CMB experiment, the Q/U Imaging ExperimenT (QUIET) (Araujo et al. 2012) , also published the CMB polarization power spectra at 95 GHz with the EB power spectrum. Furthermore, the nine-year WMAP (WMAP9) (Hinshaw et al. 2013) , BOOMERanG 2003 (B03) (Montory et al. 2006; Jones et al. 2006; Piacentini et al. 2006) and QUaD (Hinderks et al. 2009 ) also provided the TB and EB polarization power spectra. Thus, it is important and necessary to combine these new data together to detect or constrain the rotation angle and to test the CPT symmetry.
However, as first pointed out in the rotation angle is generally direction dependent or anisotropic, denoted by [α(n)]. For instance if the external field p µ ∝ ∂ µ φ, arising from a cosmic scalar field φ, the rotation angle is determined by the distribution of this field on the last scattering surface. Usually this distribution is not homogeneous because φ as a dynamical field must fluctuate around its uniform background. Hence the CMB photons coming from different directions would undergo different rotations. As first studied in the anisotropies of the rotation angle will introduce corrections or distortions to the spectra (4) from isotropic rotation. At a later time, the authors of Kamionkowski (2008) and Gluscevic et al. (2009) also studied the direction dependence of rotation angle and developed a different formalism to measure the anisotropies of the rotation angle and constructed the minimum-variance estimator (similar method can also be found in Yadav et al. (2009) ). They considered the non-gaussian signal and the correlation between different ℓ and m of the rotated polarization angular momentum introduced by the rotation. Then they applied the estimator to constraint the anisotropic rotation angle and found no evidence of non-zero power spectrum of rotation angle within 3σ (Gluscevic et al. 2012) . Recently, Li & Yu (2013) performed a non-perturbative calculation of the rotated power spectra and made constraints on the anisotropic rotation angle and the shape of its power spectrum in terms of the CMB data. According to these results, there was no significant evidence for a nonzero rotation angle up to now.
Following the previous works, in this paper we will revisit this problem by attaching more importance on the effects of direction-dependent rotations on the CMB power spectra. We will perform a global analysis on them using the latest CMB polarization data, as well as the future simulated CMB data. The structure of the paper is as follows: in section 2 we describe the current and future simulated datasets we use. Section 3 contains our main results from the current observations and future measurements, while section 4 is dedicated to the conclusions and discussions.
2. CMB DATASETS 2.1. Current Datasets In our calculations we mainly use the full data of WMAP9 temperature and polarization power spectra (Komatsu et al. 2011) . The WMAP9 polarization data are composed of TE/TB/EE/BB/EB power spectra on large scales (2 ≤ ℓ ≤ 23) and TE/TB power spectra on small scales (24 ≤ ℓ ≤ 800), while the WMAP9 temperature data are only used to set the underlying cosmology. For the systematic error, the WMAP instrument can measure the polarization angle to within ±1.5 deg of the design orientation (Page et al. 2003 (Page et al. , 2007 . In the computation we use the routines for computing the likelihood supplied by the WMAP team. Besides the WMAP9 information, we also use some small-scale CMB observations.
The BOOMERanG dated January 2003 Antarctic flight (Montory et al. 2006 ) measures the small-scale CMB polarization power spectra in the range of 150 ≤ ℓ ≤ 1000. Recently, the BOOMERanG collaboration re-analyzed the CMB power spectra and took into account the effect of systematic errors rotating the polarization angle by −0.9 ± 0.7 deg (Pagano 2009 ).
The BICEP1 (Kaufman et al. 2013) and QU Extragalactic Survey Telescope at DASI (QUaD) (Hinderks et al. 2009 ) collaborations released their high precision data of the CMB temperature and polarization including the TB and EB power spectra. These two experiments, locating at the South Pole, are the bolometric polarimeters designed to capture the CMB information at two different frequency bands of 100GHz and 150GHz, and on small scales -the released three-year BI-CEP1 data are in the range of 21 ≤ ℓ ≤ 335 (Kaufman et al. 2013) ; whereas the QUaD team measures the polarization spectra at 164 ≤ ℓ ≤ 2026, based on an analysis of the observation in the second and third season (Wu et al. 2009; Brown et al. 2009 ). They also provide the systematic errors of measuring the polarization angle, ±1.3 deg and ±0.5 deg, for BICEP1 and QUaD observations, respectively. Very recently, the BICEP2 collaboration announced the detection of CMB B-modes polarization and released the data in the 150GHz frequency band (Ade et al. 2014) . However, they claimed that the EB power spectra are only used for the self-calibration of the detector polarization orientations (Keating, Shimon & Yadav 2013) . Any polarization rotation has been removed from the results. Therefore, in our calculations we only use the BICEP2 data to constrain the anisotropies of the rotation angle.
Finally, we have the CMB polarization power spectra at 95 GHz from the second season QUIET observation. Using two pipelines to analyze the data, they characterized the EB power spectrum between ℓ = 25 and 975 and gave the total systematic error in the EB power spectrum (Araujo et al. 2012 ).
Future Datasets
The Planck collaboration has released the first cosmological papers providing the high resolution, full sky, CMB maps. Due to the improved precision, this new Planck data have constrained several cosmological parameters at the few percent level. However, this Planck data do not include the CMB polarization information and the rotation angle has nothing to do with the CMB temperature power spectrum. Therefore, current CMB measurements are still not accurate enough to verify the possible CPT violation. In order to improve the constraints on the rotation angle, we follow the method given in Xia et al. (2008a,c) and simulate the CMB polarization power spectra with the assumed experimental specifications of the Planck (Ade et al. 2013a ) polarization measurement. We choose the best-fit model from the Planck data (Ade et al. 2013b ) as the fiducial model.
In Table 1 we list the assumed experimental specifications of the future Planck polarization measurement. The likelihood function is L ∝ exp(−χ 2 eff /2) and
where f sky denotes the observed fraction of the sky in the real experiments, A is defined as:
and |C| and |Ĉ| denote the determinants of the theoretical and observed data covariance matrices respectively,
The likelihood has been normalized with respect to the maximum likelihood χ 2 eff = 0, whereC
3. NUMERICAL RESULTS In our study we make a global analysis to all the power spectra of the CMB data we have mentioned above with the public available Markov Chain Monte Carlo package CosmoMC (Lewis & Bridle 2002) , which has been modified to compute the non-zero TB and EB power spectra discussed above. We assume the purely adiabatic initial conditions and impose the flatness condition motivated by inflation. Our basic parameter space is:
2 and ω c ≡ Ω c h 2 are the physical baryon and cold dark matter densities relative to the critical density, Ω Λ is the dark energy density relative to the critical density, τ is the optical depth to re-ionization, A s and n s characterize the primordial scalar power spectrum, r is the tensor to scalar ratio of the primordial spectrum. For the pivot of the primordial spectrum we set k s0 = 0.002 Mpc −1 . Furthermore, in our analysis we include the CMB lensing effect, which also produces B-modes from E-modes (Zaldarriaga & Seljak 1998 ), when we calculate the theoretical CMB power spectra.
Isotropic Rotation
Firstly, we consider the constraint on the direction independent rotation angleᾱ, induced by the CS term, from the current CMB measurements. As we know, this rotation angle is accumulated along the journey of CMB photons, and the constraints on the rotation angle depends on the multipoles ℓ (Liu et al. 2006). Komatsu et al. (2009 Komatsu et al. ( , 2011 found that the rotation angle is mainly constrained from the high-ℓ polarization data, and the polarization data at low multipoles do not affect the result significantly. Therefore, in our analysis, we assume a constant rotation angleᾱ at all multipoles. Further, we also impose a conservative flat prior onᾱ as, −π/2 ≤ᾱ ≤ π/2.
Following previous works (Pagano 2009; Xia 2012) , in this paper we consider the possible systematic errors of CMB measurements by including two rotation angles,ᾱ and β, in order to take into account the real rotation signal and the systematic errors. Therefore, in the analyses of this subsection we have five free parameters: the direction independent rotation angleᾱ and four systematic errors, β WMAP9 , β B03 , β BICEP1 , β QUaD , for four CMB observations, respectively. And we impose priors on these four systematic errors: (8) and marginalize over them to constrain the rotation angle. For the QUIET experiment, since they already provided the systematic errors of EB power spectrum, we directly include this information into our analysis (Araujo et al. 2012 ). In Figure  1 we present current constraints onᾱ from the WMAP9, B03, BICEP1, QUaD and QUIET CMB polarization power spectra with CMB systematic errors. Using the latest WMAP9 power spectra data at all multipoles ℓ and the prior of β WMAP9 , we obtain the constraint on the rotation angle:ᾱ = −1.06 ± 1.39 deg at 68% confidence level, which is quite consistent with that obtained from the WMAP team (Hinshaw et al. 2013) and is a significant improvement over the WMAP3 (Xia et al. 2008a ) and WMAP5 (Komatsu et al. 2009; Xia et al. 2008b ) results. Similarly, we obtain the constraint onᾱ from the B03 polarization data: α = −4.63 ± 4.16 deg, with the CMB systematic effect included. The results are in good agreement with the previous results (Feng et al. 2006; Pagano 2009 ).
In our previous work (Xia et al. 2010) , we reported that the two-year BICEP1 data (Chiang et al. 2010 ) favored a nonzeroᾱ at about 2.4σ confidence level, due to the clear bump structure in the BICEP1 TB and EB power spectra at ℓ ∼ 150. Even including the impact of systematic effect, the significance is still larger than 2σ from the BICEP1 data alone (Xia 2012) . Recently, the BICEP1 collaboration released the threeyear data and paid particular attention on the constraint of the rotation angle (Kaufman et al. 2013 ). They carefully discussed the effects of systematic errors, the Polarization Angle Calibration and Differential Beam Effects, on the constraint of the rotation angle and obtained the ±1.3 deg systematic uncertainty on the orientation calibration. Therefore, we revisit the limit onᾱ from the new BICEP1 data and obtain the constraint at 68% C.L. is:
The significance of non-zero rotation angle reduces to 1.8σ, due to the large systematic uncertainty of BICEP1 data. When WMAP9 and B03 data are added to the BICEP1 data, the constraint onᾱ gets tightened:
which impliesᾱ = 0 at about 2σ confidence level, when considering systematic effects of these three CMB measurements. We also constrain the rotation angle from the QUaD and QUIET polarization data. Similarly with previous results, we use the QUaD and QUIET data and obtain the constraint at 68% confidence level:ᾱ = 0.59 ± 0.64 deg andᾱ = 1.88 ± 1.15 deg, respectively. When comparing with the result of WMAP9+B03+BICEP1 [Eq.(10)], there is still a ∼ 2 σ tension, which needs to be taken care of in the further investigation. By combining all these CMB polarization data together and including their systematic effects, we obtain the tightest constraint:ᾱ = 0.03 ± 0.55 deg (68% C.L.).
Finally, we use the new BICEP2 polarization data to constrain the isotropic rotation angle and obtain the constraint: α = 0.12 ± 0.16 deg (68% C.L.), due to the self-calibration of the detector polarization orientations ). This constraint is clearly expected and consistent with the use of the self-calibration method on the BICEP2 data.
Anisotropies of Rotation Angle
In this subsection, we briefly review the basics of the effects of the direction dependent rotation angle on the CMB power spectra (Li & Yu 2013) and perform the global analyses on the related parameters from the current CMB measurements.
Firstly, we decompose the CMB temperature and polarization fields in terms of the spin-weighted spherical harmonics (Seljak 1996) :
Then the two parity eigenstates E ℓm and B ℓm have the parities (−1) ℓ and (−1) ℓ+1 respectively. In traditional CMB theory, the TB and EB cross-correlations vanish. As usual in the linear perturbation theory the rotation angle is decomposed into the isotropic part and the fluctuations α(n) ≡ᾱ + ∆α(n). The anisotropies ∆α(n) considered as a random field can be decomposed in terms of (scalar) spherical harmonics on the full sky:
and it is possible to define the angular power spectrum of rotation angle under the assumption of statistical isotropy of b ℓm
With the angular power spectrum one can calculate the twopoint correlation function using the following relation
where β is the angle between these two directions, cos(β) = n ·n ′ . Using the non-perturbative method, we calculate the the rotated power spectrum C ′ ℓ and express them in terms of the unrotated ones C ℓ , via the computations of the rotated correlation functions (Li & Yu 2013) .
Here,
is the variance of the anisotropies of the rotation angle. More detailed calculations are laid out in Li & Yu (2013) . In these calculations, we assume that the unrotated CMB field and the direction dependent rotation angle are Gaussian random fields and have the isotropic statistics. Consequently, the rotated polarizations of CMB are also statistically isotropic and there spectra have no off-diagonal terms. We have done the average on the rotation angle field ensembles. These are different from the formalism developed in Kamionkowski (2008) . They considered a fixed rotation angle field which could break the statistical isotropy of the rotated CMB field. Therefore, some correlation functions between different ℓ and m will be non-zero and the whole calculations become complicated. We leave them in the future work .
Based on equations above, we show the distortions to the CMB BB, TB and EB power spectra from the non-zero direction dependent rotation angle in Figure 2 . Due to the nonzero variance C α (0), the amplitude of BB, TB and EB power spectra are suppressed slightly when including the direction dependence of rotation angle, which means this fluctuation can be safely treated as a small effect if the isotropic rotation angle is sizeable.
In this case, we need seven more parameters to describe the effect of the direction dependent rotation angle on CMB polarization power spectra: the variance of the two point correlation function C α (0), and the six parameters for the binned power spectrum of rotation angle: C to calculate the CMB polarization power spectra to fit the CMB datasets, based on Eqs.(15). In the calculations, we only impose physical priors on these parameters:
We use the WMAP9, B03 and BICEP1 data combination to constrain the rotation angle and obtain the limits, shown as the black dashed lines in Figure 4 :
We find that including the direction dependence of rotation angle does not affect the constraint on theᾱ significantly. The best fit value ofᾱ is slightly smaller, since the non-zero C α (0) suppresses the rotated CMB power spectra and partly cancels the effect from the non-zeroᾱ. This result also proves that this direction dependence of rotation angle is a small effect, comparing with the effect from the obvious non-zeroᾱ. The constraints on C α (0) and C αα ℓ (i) are consistent with previous works (Li & Yu 2013) .
We also include the QUaD and QUIET polarization power spectra into the analysis. Due to the high precision of the high-ℓ data from QUaD experiment, the constraint on the last bin of rotation angle power spectrum becomes tighter: C αα ℓ (6) < 6.6 × 10 −8 (95% C.L.). We do not find the signal of the direction dependent rotation angle from the current CMB polarization power spectra.
Finally, we replace the BICEP1 data as the new BICEP2 data in the calculation. When combining with the WMAP9 and B03 polarization data, the 95% upper limits of the parameters of direction dependence of rotation angle are shrunk by a factor of ∼ 2 (blue dash-dotted lines in Figure 4 ), due to the high precision of the new BICEP2 data:
Furthermore, we obtain the constraint on the tensor-to-scalar ratio: r = 0.12 ± 0.04 (68% C.L.), which implies the nonzero detection of the primordial CMB B-modes power spectrum. More interestingly, the median value of r here is slightly lower than that reported by the BICEP2 collaboration r = 0.20 (Ade et al. 2014) , since the direction dependence of rotation angle would also contribute to the CMB BB power spectrum 2014). As we know, the Planck data could also be used to study the very early Universe and give the tight constraint on the tensor-to-scalar ratio: r < 0.11 (95% C.L.) (Ade et al. 2013b) . Therefore, considering the direction dependence of rotation angle could lower the best fit value of r and let it more consistent with the constraint from Planck data. Consequently, the tension on the constraints of r between Planck and BICEP2 data has been relaxed. Note that, in this case the constraint on the isotropic rotation angle becomesᾱ = −0.34 ± 1.10 deg (68% C.L.). The best fit value ofᾱ is quite close to zero, which means that the isotropic rotation angle can not contribute extra information on CMB BB power spectrum. Therefore, the most contribution on the explaining the discrepancy between BICEP2 and Planck's constraints comes from the anisotropic rotation angle. In Figure 3 we show the CMB BB power spectrum of the best fit model obtained from the WMAP9+B03+BICEP2 data combination. The effect of nonzero anisotropic rotation angle does give contribution on the BB power spectrum to suppress the value of r. If increasing the contribution of tensor perturbations from r = 0.12 to r = 0.2, the theoretical prediction of CMB BB power spectrum (black thin line) is obviously higher than the BICEP2 data at 80 < ℓ < 150.
Future Planck Constraints
Since the current CMB polarization measurements can not determine the rotation angle, especially its direction dependence, conclusively, it is worthwhile discussing whether future CMB polarization data could give more stringent constraints on the rotation angle. Therefore, we simulate the future CMB power spectra with Planck to constrain the rotation angle. The fiducial model we choose is the best-fit Planck model (Ade et al. 2013b) : Ω b h 2 = 0.022161, Ω c h 2 = 0.11889, Ω Λ = 0.6914, τ = 0.0952, n s = 0.9611, log [10 10 A s ] = 3.0973 at k s0 = 0.05 Mpc −1 , and r = 0. Here, we neglect the systematic error of future CMB measurement and the CMB lensing effect.
For the direction independent rotation angleᾱ, the future Planck polarization measurement could shrink the standard deviation of rotation angle by a factor of 10, namely σ(ᾱ) ≃ 0.06 deg, which is consistent with our previous results (Xia et al. 2008a,c) . On the other hand, the future Planck mock data can also give tighter constraints on the parameters related to ∆α(n). The 95% C.L. upper limit of the variance becomes: C α (0) < 0.0036, which improves the con- straint by a factor of 10. In Figure 4 we show the constraints on these parameters from the future Planck data (red solid lines). The high precision Planck polarization data improve the constraints on the binned rotation angle power spectrum significantly:
The future Planck data could verify the non-zero rotation angle and its direction dependence, as well as the possible cosmological CPT violation.
4. CONCLUSIONS AND DISCUSSIONS Probing the signals of fundamental symmetry breakings is an important way to search for the new physics beyond the standard model. Now detecting the rotation of the CMB polarization induced by the Chern-Simons coupling is considered as an effective and important method to test Lorentz and CPT symmetries in the physics and cosmology communities. In this paper we present constraints on the rotation angle and its anisotropies using the latest CMB polarization data, as well as the future simulated Planck data.
Following the previous works, we include the systematic effects of CMB polarization data in the analysis. Due to the larger systematic error of new BICEP1 three-year data, the significance of non-zero rotation angle reduces to around 2σ, namelyᾱ = −2.12 ± 1.14 (deg) from WMAP9+B03+BICEP1 data combination. We still find a ∼ 2 σ tension between QUaD and WMAP9+B03+BICEP1 observations. When combining all CMB polarization data together, we obtain the tightest constraint on the rotation angle at 68% confidence level: α = 0.03 ± 0.55 deg. Furthermore, we investigated the impact of the direction dependence of the rotation angle on the CMB polarization power spectra in detail and perform a global analysis to constrain the related parameters using CosmoMC. We found that the anisotropies of the rotation angle are just weak disturbances, namely the variance C α (0) < 0.035 at 95% confidence level. Due to the small effects, the current CMB polarization data can not constrain these parameters very well. The obtained results are consistent with zero.
We also consider the new BICEP2 polarization data. Since the BICEP2 collaboration uses the "self-calibration" for the detector polarization orientations, any polarization rotation has been removed from their data. Therefore, we mainly use this data to study the anisotropies of the rotation angle. When combining with WMAP9 and B03 data, we obtain tighter constraints, which however are still consistent with zero, on the parameters of the anisotropies of the rotation angle. Interestingly, since the direction dependence of rotation angle would also contribute the CMB BB power spectrum, considering this direction dependence could lower the best fit value of r and relax the tension on the constraints of r between from BICEP2 and from Planck data.
Since the current constraints on the rotation angle are not conclusive, we simulate the future Planck polarization data. We find that the future CMB data could significantly improve the constraint ofᾱ by a factor of 10, as well as the parameters related to the direction dependence of the rotation angle. The future Planck data could constrain the non-zero rotation angle and its anisotropies and test the CPT symmetry more stringently.
